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Isolation and characterization of liver epithelial progenitor
cells from normal adult rhesus monkeys (Macaca mulatta)
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Dear Editor,

Based on their ability to proliferate and the capacity
to differentiate into specific cell types, hepatic progeni-
tor/stem cells (HPCs) from adult human liver may have
potential therapeutic effects on end-stage liver failure. In
addition, adult HPCs have a reduced risk of teratoma for-
mation and are not subject to the same ethical issues as
fetal HPCs or embryonic stem cells [1]. The HPCs from
rhesus monkeys are relevant because they may serve as a
valuable preclinical model for assessment of cell therapy
in humans. To date, there are no reports of HPCs or liver
epithelial progenitor cells (LEPCs) isolated from normal
adult rhesus monkey although a few studies in other
species were reported [2, 3]. We report here for the first
time the successful isolation of rhesus monkey LEPCs
(mLEPCs) from normal adult livers (n = 12).

Liver cell aggregates (Supplementary information,
Figure S1A) used were formed from freshly digested
hepatic cells, using a floating culture system [4]. Single
aggregates were manually selected under a microscope
and plated onto 96-well plates with one aggregate in
each well. About 60% of attached aggregates consisted
of elongated spindle cells with dark nuclei (Figure 1A-1),
whereas about 40% of attached aggregates consisted of
polygonal cells with epithelial-like morphology (puta-
tive HPCs as described [4], Figure 1A-ii). The spindle
cells, which disappeared within 5 days, were identified
as endothelial cells by positive staining for vimentin and
brachyury (Supplementary information, Figure S1B and
S1C). In contrast, polygonal epithelial cells exhibited ro-
bust proliferation ability in the medium containing 10%
FBS, 50ng/ml EGF and 10ng/ml HGF together with rat
tail collagen gel.

The polygonal epithelial cells from single aggregates
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proliferated rapidly and formed moderate colonies within
4-5 days (Supplementary information, Figure S2A) and
large colonies within 8-10 days (Supplementary informa-
tion, Figure S2B) consisting of thousands of cells with
similar morphology to previously identified HPCs [5, 6].
Almost all of the polygonal epithelial cells in different
colonies were positive for E-cad (Figure 1B-i), a marker
of HPCs [7, 8]. FACS sorting was then employed to
yield E-cad+CD34-CD45-CD90- cells (Supplementary
information, Figure S3A-S3C), and the E-cad+ cells
were enriched from 96.3% (Supplementary informa-
tion, Figure S3C) to 99.8% after sorting (Figure 1C).
The sorted cells rapidly formed colonies (Supplementary
information, Figure S2C), stained positively for hepatic
epithelial markers CK7 (Figure 1B-ii) as well as CK8/
CK18 (Figure 1B-iii), and exhibited a hepatobiliary phe-
notype of HPCs [9]: expression of hepatocytic (albumin,
APOH) and cholangiocytic (IB4, CX43) genes as well as
HNF1p and HNF3p (Figure 1B-iv). More importantly,
the cells were cultured for at least 20 passages without
change of expression profiles and cell morphology (data
not shown). All of the above results indicated that the
FACS-sorted cells might be HPCs.

Differentiation capacity was examined to assess if
the E-cad+CD34-CD45-CD90- cells were progenitor
cells. In hepatocytic induction medium for 10-14 days,
the cells showed mature hepatocytes morphology (Figure
1D-1), expressed hepatocytic specific genes (HNF1q.,
AFP, G6P, APOB, AAT, CYP1BI1 and ADHIC, Figure
1D-vi) and protein (ALB, Figure 1D-ii), and acquired
hepatocytic functions such as intracytoplasmic glycogen
storage (Figure 1D-iii), ICG uptake (Figure 1D-iv) and
lipid droplet generation (Figure 1D-v). When grown
in 3-D collagen gels or on Matrigel for 5-7 days [10],
the E-cad+CD34—-CD45-CD90- cells rearranged and
formed doughnut-like structures with a central lumen
in 3 dimensions (Figure 1D-vii and -ix). Some cells in
duct-like structures were positive for CK19 (Figure 1D-
viii and -x), the specific marker for adult cholangiocytes.
Cholangiocytic differentiation was further confirmed by
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Figure 1 Isolation and characterization of liver epithelial progenitor cells from normal adult rhesus monkeys (Macaca mu-
latta). (A) Morphology of liver endothelial cells (i) and polygonal epithelial cells (ii) from single aggregates in different wells.
(B) Immunostaining and RT-PCR analysis of polygonal epithelial cells and E-cad+CD34-CD45-CD90- sorted cells. AImost
100% of the cells in the moderate colony were positive for E-cad (green, i). FACS sorted cells from polygonal epithelial
colonies were positive for CK7 (green, ii) and CK8/18 (green, iii). (iv): RT-PCR analysis of mRNA expression showed that E-
cad+CD34-CD45-CD90- cells (lane 1) exhibited hepatobiliary phenotype; lane 2 was a tissue sample from adult rhesus liver.
(C) FACS analysis showed that 99.8% of E-cad+CD34-CD45-CD90- sorted cells were positive for E-cad. (D) Induction of
mature hepatocytes (i-vi) and cholangiocytes (vii-xi) from E-cad+CD34-CD45-CD90- sorted cells. Differentiated cells show-
ing adult hepatocyte-like morphology (i), expression of ALB (green, ii), glycogen deposits (red, iii), ICG uptake (green, iv), and
fat deposits (red, v). (vi): RT-PCR analysis of E-cad+CD34-CD45-CD90- sorted cells (lane 1), differentiated cells (lane 2),
and adult rhesus liver (lane 3) showed that differentiated cells expressed hapatocytic related genes. (vii-xi) Induction of bile
duct-like structures on matrigel or collagen gel coated plastic dishes. Duct-like structures (vii, ix) formed from E-cad+CD34—
CD45-CD90- sorted cells. Differentiated cells were positive for CK19 (red viii and green x). (xi): RT-PCR analysis of E-
cad+CD34-CD45-CD90- sorted cells (lane 1), differentiated cells (lane 2), and adult rhesus liver (lane 3) showed that differ-
entiated cells expressed cholangiocytic related genes. (E) In vivo transplantation of labeled mLEPCs into immunosuppressed
mice. PKH-26 labeled cells (red) were observed in the spleen of a recipient mouse on day 1 (i). A few labeled cells migrated
into the periphery of the CV on day 1 (ii), proliferated in the CV on day 7(iii) and integrated into liver parenchyma on day 15
(iv). (v): Overall distribution of PKH-26 labeled cells in recipient liver. (vi): Staining of PKH-26 positive cells (red) with simian-
specific albumin (yellow). High magnification images of cells from (vi) were showed in Supplementary information, Figure S4.
Nuclear DNA was counterstained with Pl (red) or Hoechst (blue).

www.cell-research.com | Cell Research



@ Rhesus monkey hepatic progenitor cells

270

the expression of cholangiocyte-specific genes integrin
02, GST-Pi and biliary glycoprotein (BG) (Figure 1D-xi).
None of above differentiated properties was observed
in untreated E-cad+CD34-CD45—CD90- populations.
Thus, the E-cad+CD34—CD45-CD90- populations were
shown to be bipotent and were designated as monkey
liver epithelial progenitor cells (mLEPCs).

PKH-26 labeled mLEPCs were injected intraspleni-
cally into immunosuppressed mice to investigate their
repopulation ability in vivo. On day 1, many labeled cells
were found in the spleen (Figure 1E-i), whereas only a
few labeled cells were observed in the periphery of the
central vein (CV) in the liver (Figure 1E-ii). On day 7,
the number of the cells in the periphery of the central
vein increased (Figure 1E-iii). On day 15, labeled cells
integrated into the liver parenchymal region and prolifer-
ated to form cell clusters (Figure 1E-iv); the degree of
repopulation was estimated to be about 2-10% (Figure
1E-v). Immunohistochemical analysis showed that less
than 1% of the donor cells were positive for simian-spe-
cific albumin (Figure 1E-vi). These results showed that
mLEPCs survived, proliferated and gave rise to hepato-
cytes in vivo.

In conclusion, isolation of mLEPCs functioning as
HPCs in normal adult rhesus monkeys were reproduc-
ibly achieved from a piece of liver tissue. The purified
mLEPCs displayed typical characteristics of HPCs, and
differentiated into cholangiocytes and functional hepa-
tocytes in vitro. Furthermore, mLEPCs repopulated and
differentiated into hepatocytes in a liver injured mouse
model. The isolation of mLEPCs has improved the
knowledge of HPCs in primates, which may facilitate
clinical application of HPCs in the future. Experimental
materials and methods are depicted in the Supplementary
information, Data S1.
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(Supplementary Information is linked to the online version of
the paper on the Cell Research website.)
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